story of tuberculin is portrayed as a unique disaster on the one hand, while, on the other, Koch's ideas on the issue are explicitly related to future work in immunology conducted by others.'2 This paper, instead, makes the following claim: that Koch's work on tuberculin is best understood in connection with his previous and tremendously successful work on tuberculosis. The tuberculin disaster is much more than an "error" and should instead be assessed in the context of a research programme on tuberculosis which produced spectacular results in the early 1880s and dramatically failed with the supposed cure of 1890/91. The conception of Koch's cure for tuberculosis in 1890 was closely connected to the ideas on the disease he had developed in the early 1880s, and the problems of tuberculin are in fact problems of Koch's understanding of tuberculosis at large. Even if the tuberculin reaction became incorporated into the history of immunology later on,'3 it is historically inaccurate to see Koch's work as part of such research. Koch did not move in the direction of cellular immunology or even in that of the "discovery of bacterial allergy".'4 Instead he explained the tuberculin reaction without touching any question that can be related to concepts of immunity. The purpose of this paper is thus to reconstruct Koch's conception of tuberculosis as an infectious disease and to analyse this conception by comparing it to what he thought was a cure for it.
The approach chosen is biographical in a broad sense of the term: the analysis includes biographical questions, most notably whether the notion of (self-)deception provides a useful tool for an understanding of Koch's road to tuberculin and his conduct in the tuberculin affair. Does his personal, professional, and intellectual situation in the late 1880s-i.e. the years between the discovery of the pathogen and the presentation of the cure-shed some light on the hazardous enterprise that tuberculin certainly was?'5 Secondly, the tools of research such as bacteria, staining and culturing techniques, laboratory animals, and the image of tuberculosis which was based on their use, will be examined. Finally, Koch's work will be placed within larger historical contexts. These include professional competition, most notably with Pasteur and his school, and the issue of how Koch's work on bacterial etiology can be placed in the history of contemporary speculative pathology, in particular with regard to changing concepts of infectious diseases. University Press, 1995, pp. 145-256. Christoph Gradmann The Bacterial Etiology of Tuberculosis The announcement of the discovery of the tubercle bacillus on 24 March opened a series of four papers by Koch on the issue. The publication of the famous lecture itself'6 was followed by a similar but shorter paper in summer 1882,'7 a short review of "publications directed against the significance of the tubercle bacilli" in early 188318 and finally in 1884 by the monumental paper 'On the etiology of tuberculosis', in which he gave a detailed account and discussion of his approach.'9 But what exactly was discovered, how was this done, and why should it be considered a major discovery? Some information on the object of inquiry and Koch's path of investigation will help to clarify this point.
First, the object of research itself offered enough potential prominence for any researcher. Koch had started his career as a bacteriologist by investigating anthrax, an animal disease that rarely attacked humans. Later, when working on wound infections, he had investigated phenomena whose infectiousness seemed obvious. With the tubercle bacillus, he was entering a terrain that was both prominent and scientifically contested in a peculiar way: tuberculosis, the "captain of all the men of death", was one of the epidemiologically dominant diseases of its age, mostly appearing as pulmonary tuberculosis or phthisis. Its more or less stable endemic presence, and the often prolonged character of the pathological process, further increased the reputation of "the white plague".20 Not surprisingly, the disease had been subjected to intensive and controversial research for quite some time.2' However, without a bacterial etiology yet being established, not even the connectedness of all those pathological phenomena which came to be included under "tuberculosis" by the bacteriological diagnosis was established at that time. There was instead a group 6 Robert Koch, 'Die Atiologie der Tuberkulose ' (1882) Robert Koch and the Pressures of Scientific Research of suspected tuberculous diseases, which were defined in relation to protean clinical symptoms and findings of pathological anatomy. The French clinician Theophile Laennec had in 1819 stated the unity of phthisis, miliary tuberculosis, caseous pneumonia, lupus, etc. as tuberculosis, and had based his claim on the characteristic granules, the tubercles." German physicians, however, took a different stance from the mid-nineteenth century onwards. Following Virchow's demonstration of the microscopical structure of the tubercles, formerly tuberculous phenomena became divided into non-specific inflammations and a caseous metamorphosis which could follow. Tuberculosis in various organs was no longer thought to result from a general disease, but from the tuberculous transformation of other pathological processes. Contemporaries thus preferred to refer to the epidemiologically dominant phthisis and to discuss its relation to other diseases.23
The case with the suspected causes was similar: factors other than infection, such as disposition, age, environment, and heredity, were considered to be important. A relation to cancer had long been thought to play an important role. None of these factors was considered a decisive, i.e. necessary, cause of the disease, transformation was thought more significant than causation.24 Felix Niemeyer, in 1863, criticized the term tuberculosis, because it confused creation and transformation ofpathological processes. In his view, the latter was central, e.g. when cancer became tuberculous. In this situation, the successful linking of tuberculosis to a bacterial agent could be expected to have dramatic effects: in the complicated array of the various supposed tuberculous diseases the introduction of a single necessary cause would mean a radical turn-even if the notion of the disease being unified and infectious was not new in itself. Adding to the redrawing of the boundaries of tuberculosis, it would mean the first clear bacterial etiology of a major human infectious disease and could thus be expected to serve as a blueprint for further research into others, accelerating a gradual shift from clinical to bacteriological definitions of diseases.32 A dramatic impression on the scientific and wider public was equally to be expected, since the concept of bacteria as necessary causes raised hopes of finding a method for control.
Koch's task in this situation was clear: to link previous research on the disease to the methods of bacteriological proof he had developed. Consequently, he portrayed his endeavour as an application of a developed technology and well-tried methods upon a new object, where, in principle, "the same procedure of investigation, which had proved to be effective on other occasions, was to be followed".33 The speed with which Koch undertook his investigations is indeed impressive-even if one takes into account that he was no longer the lone country physician he had been earlier, but the leader of a mushrooming team at the Imperial Health Office in Berlin.34 Prior to working on the tubercle bacillus, Koch and his group had already invented basic and revolutionary techniques, most notably pure cultures grown on fixed culture media. A mere eight months separated the beginning of investigations in August 1881 and the famous lecture of March 1882.35 Of course, Koch emphasized new problems that arose. These, however, were blamed on the object of inquiry rather than "proven" methods. Thus the frightening size of the object of investigation was contrasted with the extraordinary difficulties that arose while researching it.36 In his subsequent account, Koch described how, particularly while identifying the pathogen, but also while cultivating it and in animal experimentation, he had encountered peculiar problems for which he found appropriate solutions.
The micro-organism turned out to be much smaller than any other already known; indeed it seemed almost invisible without special preparations. Koch Robert Koch and the Pressures of Scientific Research in his work on anthrax, studied bacteria without the application of specific staining methods. Later staining techniques, which Koch had learned from Carl Weigert and others, had served to distinguish bacteria from organic tissue and to prepare his findings for micro-photography.37 Investigating tuberculous matter posed an entirely new problem, since initially any "efforts to find bacteria or other micro-organisms in these preparations remained without success".38 Only after the application of alkaline methylene blue did something become visible at all and "very fine rod-like structures showed up".39 The next task was to distinguish those rods from the neighbouring tissues. This was achieved with the help of a new kind of staining technique: if the preparation was discoloured using a second brown dye, Vesuvin, this affected only the tissue. The result was blue rods surrounded by brown tissue. Another advantage of double-staining was that it applied only to tubercle bacilli and thus made them distinguishable from all other known bacteria.' This technique, soon to be much improved by Paul Ehrlich, enabled Koch to find the rods constantly in tuberculous tissues and to describe their typical arrangement in "usually dense and often bundle-like arranged small groups".41
That Koch had to use staining in order to make his bacteria visible in the first place not only proved his "strong faith"42 in the parasitic nature of tuberculosis and the existence of a pathogen, it also freed him from the task of comparing his findings with anything other researchers had seen so far. Since nobody had applied a comparable staining technique and the bacteria remained invisible without such a device, these researchers had all seen something else: Upon the regularity with which tubercle bacilli can be found, it seems curious that nobody has seen them previously. This, however, can be explained by the exceeding smallness of these structures and their usually small numbers ... for this simple reason their existence escapes even the most attentive observer without their peculiar reaction to staining.43 It seems, however, that the Konigsberg physician Paul Baumgarten had identified the micro-organisms almost simultaneously and had succeeded without staining. spores, describing them as a state of permanence (Dauerform) "necessary for the preservation of the species",,51 and attributed the sustained virulence of sputum to the presence of such spores in it.52 However, Koch's tuberculosis spores seemed to ceased to exist later on53 and had some quite peculiar properties. They were resistant to staining and in a way invisible: "since there are up until now no means of staining the spores of the tubercle bacilli in any way, their presence after the bacteria have disappeared can only be told from the contagious qualities of the caseous mass in which they are embedded".54 Koch supplied a non-instructive picture of these spores, describing them as "oval in shape" and lined up in numbers of two to four inside a bacterium.55 Given Koch's contradictory statements, it may suffice for the moment to note the important role these spores played in his line of argument. They made it possible to assert the existence of bacteria in places where their presence could not be shown with certainty under the microscope, such as the caseous mass inside the tubercles.56
Koch's insistence that his staining methods were "proven" techniques served to play down the quite unique problems that arose in the preparation of tubercle 51 
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Christoph Gradmann bacteria. The peculiarities of Koch's spores could pose a major threat, making the description of the tubercle bacillus' life cycle potentially incomplete.57
Finding the bacterium did indeed pose the main problem. By contrast, the difficulties in cultivation and inoculation could be tackled by modifying existing methods. Koch's point of departure was the reproduction of previous experimental work, most notably by Villemin and by Koch's Breslau colleagues Cohnheim and Weigert, which intended to demonstrate the unity of tuberculosis. Working on the level of microscopical anatomy, Koch showed the identity of different sorts of diseases such as pulmonary tuberculosis, lupus, and miliary tuberculosis, the identity of natural tuberculosis and tuberculosis caused by inoculation, and finally the identity of the disease in humans and susceptible animals.58
In the course of these extended series of experiments, guinea pigs, which had already been in widespread use in experimental work on tuberculosis,59 acquired a central position in Koch's work on tuberculous processes. Koch thought that they were almost ideal laboratory animals for his case, as they never caught tuberculosis under normal conditions.60 At the same time, they proved highly susceptible to inoculated tuberculosis and produced the pathological symptoms in regular and rapid fashion.6' Finally, pure cultures had to be attained and, later, inoculated, but the production of these encountered two peculiar difficulties. First, the bacteria grew only at temperatures above 300 C, but the gelatine-based fixed culture media that Koch and his collaborators had employed previously liquefied at such temperatures. Second, since the cultures showed only a very slow growth, there was an additional high danger of contamination, i.e. that they were overgrown by other "fast" microorganisms. The solution to the first problem was found in new culture medium produced by coagulating blood serum, in the second it was-besides meticulous hygiene-again the guinea pigs that paved the way to success. Preparations from humans, i.e. corpses, proved to be much too dirty, instead an intermediate guinea pig-passage secured a much better point of departure for attaining pure cultures, since the rapid pathological process in those animals produced a more practicable tuberculous matter.62 57 In fact, things went the other way: for subsequent authors the typically altered bacteria became entirely visible and lost their quality of being spores; the peculiar shape of the former "spores" was now taken to display the internal structure of the bacterium. Tuberculous matter that was placed onto the nutritious medium was expected to show signs of growth not earlier than 10 to 15 days after preparation. It could then be cultivated further into pure cultures. Earlier growth was, of course, a sign of contamination.63 The "peculiar highly elegant" form of the cultures in the microscopic picture and their macroscopic appearance as "tiny little dots and dry looking small scales", which had to remain on the surface of the culture medium without dilution or penetration, were equally significant for the bacillus.'
The investigation was finally crowned by infection experiments with the pure cultures. A large number of different animals, most of them guinea pigs or rabbits, were inoculated in various ways, others were fed pure cultures or had to inhale them. In those animals susceptible to tuberculosis, Koch succeeded in producing the disease.65 The crucial point was that Koch not only succeeded in producing symptoms of tuberculosis, i.e. he could detect bacteria upon dissection, but that the disease brought forth by application of the pure cultures was-at the level of microscopical anatomy-identical with the one that had been produced previously by using tuberculous matter. This meant that with his pure cultures Koch had reproduced the inoculation-tuberculosis of Villemin and Cohnheim, and had supplied the missing link, the pathogen.' In 1882 Koch concluded in the famous sentence: "All these facts justify the claim that the bacilli which occur in the tuberculous matter are not companions of the tuberculous process, but its cause, and that we can see the bacilli as the real [das eigentliche] tubercle virus."67
In the 1882 presentation of his work, Koch had laid particular emphasis on the level of bacterial etiology, which was received without much discussion. Koch's meticulous way of proceeding seemed to exclude any doubt and even RudolfVlrchow, who would always remain sceptical of bacteriology, found no way of denying the bacterium's existence and importance.68 That Koch had to face few contradictions was, however, also due to the circumstance that his bacterial etiology of the disease was, despite its novelty, linked to previously developed conceptions of tuberculosis. Koch's own assessment that "phthisis [was held] amongst physicians to be a noninfectious disease, originating in constitutional anomalies"69 and that now "it was possible to draw the boundary of the disease that is seen as tuberculosis, which 63Ibid., p. 522. 6 Koch, 'Die Atiologie der Tuberkulose' (1882) In the twentieth century, bacteriology came to be regarded as a "watershed between traditional and modem medicine that is easy to see, but difficult to capture".82 This notion of a watershed echoes Koch's own ideas about the significance of his research. He presented his work on tuberculosis as a summary of the knowledge about the etiology of a single infectious disease into a bacterial theory of infectious diseases at large. He expected, ... that the elucidation which has been achieved about the etiology of tuberculosis will produce new evidence for evaluating the remaining infectious diseases and that the methods of investigation, which have been proven in the research on tuberculosis, will be useful while working on other infectious diseases.83
Bacteria and Disease Koch's early work on tuberculosis has basically been assessed in two different ways by medical historians so far, neither ofwhich, however, emphasizes a connection with his subsequent work on tuberculin. The social history of medicine has placed 78 Koch is said to have mentioned to Loffler in bacilli are in exactly the same relation to 1882 that he did not expect a quick acceptance of tuberculosis as the anthrax bacilli are to his results. Even in 1884, Koch regularly supplied anthrax." Koch, 'Die Atiologie der Tuberkulose' standard information on hereditary factors of the (1884) Christoph Gradmann it at the outset of the bacteriological era in hygiene and public health that led to the "medicalization" of entire societies in the late nineteenth century. The bacteriologists' conception of an "apolitical reason"84 of the pathogens stripped epidemics of any political meaning, turned them into exclusive objects of scientific investigation, lending legitimacy to extended socialization based on medical expertise.85 This interpretation can easily be linked to Koch's own understanding of his work, the application in the sphere of public hygiene being one of his principal demands.86 In this perspective, the tuberculosis research of 1882-84 is linked with Koch's work on cholera from 1883 onwards, as with Koch's successful microbe-hunting of the early eighties which inaugurated the beginning of the reign of bacteriology in hygiene.
The second interpretation is evidently inspired by medical theory and is related to Koch's so-called "postulates": in this case the emphasis is on a particular conception of infectious disease related to necessary causes which rose with the dominance of Koch's bacteriology and which succeeded against an older pathological-anatomical conception of these diseases.87 This included a shift in the conception of diseases; formerly seen as internal organic processes, they now became externally caused phenomena. Etiology, which had been a concept applied to any sort of diseasecausation from climate to heredity or even pathogenic germs, became, in a decidedly bacterial version of pathogens as necessary and specific causes of diseases, an essential concept for late nineteenth-century medicine. Koch's tubercle bacillus is thus seen This is a valuable interpretation but questionable, because the scope of Koch's studies is reduced by an almost exclusive focus upon their etiological content. The extended discussion of questions concerning the microscopic pathological anatomy of diseased tissues, which Koch gave in his 1884 paper, may then appear to be of lesser importance. This, however, is a misconception. For example, Koch's proof of the identity of tuberculous processes in various species cannot be reduced to a description of their necessary causes. In Koch's 1884 version of the postulates bacterial etiology was explicitly connected to the claim that the distribution and proliferation of the bacteria offers an explanation of the pathological transformation:
Furthermore it is necessary to consider their [the bacteria's] relation to their surroundings, the conduct of nearby tissues in the organisms, to investigate their appearance in various stages of the disease and similar instances, which allow one to conclude, with more or less certainty, that there is a causal relation between those structures and the disease.' Regardless of the infected organism, the bacilli are thought always to produce-on the microscopic level-similar symptoms, most notably, of course, the tubercles. This has to be seen in close connection with Koch's notion of bacterial specificity, which extended the role of microbes beyond etiology into the definition of diseases as such. The reproducibility of a certain disease by the inoculation of cultures of a given micro-organism established a relationship of mutual definition. The stability of bacterial species was attested by the constancy of their pathogenic effects, which in turn opened the possibility of proving the presence of a disease by the identification of pathogens.9'
From the above vantage point, bacteria are viewed as more than necessary causes of a disease and it was indeed a prerequisite of Koch's investigations that their "behaviour", that is their proliferation and distribution in relation to the pathological symptoms, explained the pathological process. For example, when the "tuberculous process is in early origination and proceeding quickly, bacteria are to be found in large numbers"; when "The peak of the eruption of the tubercles has passed the bacilli become rarer and rarer ... In very slowly developing tuberculous processes, the interior of the giant-cells is usually the only place where bacilli are to be found."92 Yet Koch did not discuss the relation of bacteria to the surrounding tissues in the formation and transformation of a science in same fashion as that employed in his etiological argument. In contrast with the causal chains used to discuss bacteria as necessary causes, we find, especially in the 1884 paper, descriptions of regular relations between the behaviour of the pathogens and the development of the disease. These observations are only partially based on experimental knowledge, and they rely mainly on the relatedness of the bacteria's conduct with the microscopic pathological symptoms. Experiments on bacteria are accompanied by studies into the morbid anatomy of the disease on the microscopic level. These observations contain-in a much less straightforward and even somewhat metaphorical fashion-Koch's ideas on the pathogenesis of tuberculosis.93 Quantity, distribution and constellation of the bacteria form an analogy to the pathological process. For the purpose of this text it may suffice to note the essentials of that conception. The basic assumption is that a healthy organism is entirely free from pathogens and that the "appearance of tubercle bacilli indicates the beginning of the tuberculous process".94 The number of bacteria is not without relevance, but, in principle, a single one will do. A certain form of miliary tuberculosis is explained as such "that a single infectious germ, a single bacillus is dispersed at the place in question".95 It is notable that invasion, infection, and eruption of the disease are almost identical in this conception.96 Differences in the pathological process on the microscopic level are now due to the peculiarities of the infected tissues, for example, caverns are created in the lungs.
What Koch stated was, of course, the simple model of infectious diseases as bacterial invasion that can be found in Edwin Klebs' work or in popular conceptions a little later.97 That pathogenic germs could be present in a healthy organism was at the time almost unthinkable.98 Fighting the disease was, in such a conception, more or less restricted to preventing penetration of the host organism's boundaries. Koch 
Robert Koch and the Pressures of Scientific Research
The organism subjected to such an invasion was essentially seen as passive. It was used by the bacteria, which alone played the active part, as a sort of culture medium. In a notable analogy to his pure cultures, Koch analysed the so-called caseation inside the tubercles as resulting from exhaustion of a culture medium. Initially, the bacteria are easily nourished: "The younger and smaller the granules are, the more bacilli are found with greatest density in the centre."'1' Upon the dissolution of the cells inside the tubercles, the bacteria, which can no longer nourish themselves, decline or undergo a transformation into spores. Their distribution, number, and transformation mirrored the morbid process, its calming from fresh tubercles to the caseous mass inside the tubercles:
... what remains is an even mass, which is no longer accessible to nuclear staining and in which all previously present cells have died. This mass forms what has previously been considered the essential of the tubercle, the carrier of the infectious substance, in fact, its caseous centre. However, the caseous substance usually contains very few bacteria.... very soon the bacteria undergo further transformations, they decline or enter the stage of generating spores, in which they lose their ability to be stained.'02 Thus, fresh tubercles, which contain many bacteria, are far more important for the propagation of the disease than the caseous ones which contain almost no bacteria. The propagation of the bacteria, which have no independent ability for motion, is in principle a passive process. It results either from the growth of their colonies or from being carried away by other cells. In contrast to this statement, the language that Koch uses to describe the diffusion of the pathogens in the organism ascribes them an active role. "It looks as if with the increasing number of bacilli their attitude towards the cells becomes a more active one." The bacteria "push themselves" onto the edge of a cell "press themselves in between the nuclei".'03 They almost build military formations, nuclei and bacteria hold each other "in check". Depending on the intensity of the tuberculous process, the giant cells are finally "blasted" or remain as ruins, resembling "extinct craters"'04 of volcanoes.
After infection, the cells have no chance to escape necrosis, and the body has none of recovery. An organism infected with tuberculosis will decline. Koch's basic assumption is obvious in the interpretation he gives of one of his animal experiments. He had injected a dog with 0.5 cm3 pure culture in the peritoneal cavity. Much to his surprise, the animal recovered after the initial symptoms: "This is the only case of tuberculosis in animals that I have seen to develop into healing".'05 In fact, Koch had killed most of his laboratory animals for the purpose of dissection and was unable to judge on the issue from his evidence. An non-substantiated conclusion like this can best be explained by the circumstance that for Koch the lethal outcome Christoph Gradmann attenuation of the bacteria. Even if a tuberculosis vaccine, produced "a la Pasteur", would have greatly underlined the usefulness of the knowledge of the bacterium, this is somewhat surprising. Koch was highly sceptical of bacterial virulence, the concept on which Pasteur had based his experiments on attenuation."3 In fact, at almost the same time, he was trying to refute Pasteur's anthrax vaccine and engaged in a vigorous debate on the issue."4 Indeed, from his strategy of work it looks more as if he was trying to provide evidence for the impossibility of a tuberculosis vaccine. First he demonstrated that an infection-even if the patient survived-did not produce immunity to the disease. The evidence for this was supplied by the above mentioned dog experiment, which was continued with the aim of proving that even in the rare case of a successfully withstood infection, immunity was not produced in the case of tuberculosis. A renewed inoculation with a quadrupled dose of two cubic centimetres did produce the desired result, i.e. the dog's death. Secondly, Koch could point to failed attenuation trials at the Imperial Health Office."5 Finally, he reported that cultures which had grown for up to two years in succession in his laboratory "did not show the slightest alteration of their properties, in particular, of their virulence"."16
An attempt to exploit the knowledge gained about the living conditions of bacteria, which Koch had acquired in his laboratory, and to link it to his work on disinfection seemed to be more promising."l' Together with Georg Gaffky, Koch started a series of experiments on this. Substances which had proved to be effective in keeping the bacteria from growing in test tubes were expected to produce a similar effect in organisms."8 However, substances like arsenic, which had been applied in previous medicinal therapies against the disease, turned out to be as ineffective as they had before."19 Contrary to earlier announcements, Koch never published these results and in 1886 the Imperial Health Office reported the end of the unsuccessful trials. '20 In the mid-1880s Koch's attempts to find a specific remedy against tuberculosis seem to have led him nowhere. That raises the question of how the work on the pathogen connected to the work on the cure. In fact, Koch Apart from all this, Koch was facing conceptual obstacles. His successes had so far depended more or less on spectacular identifications ofpathogens. The application of this work turned out to be more or less confined to non-specific preventive hygiene, e.g. disinfection. Specific therapies for infected patients based on bacteriological knowledge, which had seemed so close in the early eighties, were nowhere to be seen.'27 In the meantime, Pasteur in'Paris had developed his vaccines, which were-even if not therapeutic devices-specific ones. They tremendously increased the reputation of French microbiology, and their material and immaterial profits enabled Pasteur to build his own research institute, the Institut Pasteur, in Paris.'28 Meanwhile, Koch had nothing comparable to offer. In fact, when he resumed his work, he did not simply pick up his objects of research where he left them circa 1885. We have every indication that the years from 1885 to 1890 were not an interruption, but a break in his career. This has been interpreted as a tragic feature in the career of a researcher who never again produced anything like his early successes,'29 but others have pointed 122 See Bernhard Opitz, 'Robert Kochs to the fact that Koch's interest in the 1890s shifted from etiology to epidemiology, and, as such, has a value of its own. 130
For the purpose of this paper, the question is whether and how Koch's tuberculin is related to his earlier work. There is some indirect evidence for such a connection, namely the far-reaching pathogenetic ideas which Koch developed while investigating the etiology of tuberculosis and the related experiments on therapies. Koch, in the early 1880s, considered the issue of tuberculosis as essentially closed and took the knowledge of the pathogen to be a promise of therapy. In addition, there is some evidence that, despite positive results, Koch continued-in secret-to search for a tuberculosis cure.'3' On 1 December 1886, Koch wrote to his friend and colleague Carl Fltlgge: "Since my return from vacation I have indeed resumed experimental work with all enthusiasm. However, the task that I am into is of a somewhat extended nature, and it may well take years before I reach a conclusion."'32 A letter which Koch wrote to the Farbwerke Lucius & Brtining (later, Hoechst) in 1888, shows that he was engaged in studies on the anti-bacterial effects of dyes:
The aim of my investigations is to test the effect that a number of substances of the aromatic group produce on pathogens and I have initially employed dyes, [illegible, most likely "since"] they were easiest to obtain. In the near future, however, I will be concerned with other substances and will permit myself to make use of your kind offer and ask for one or the other preparation, which is not traded.'33
Koch's sensational announcement in August 18901M should therefore be regarded as a stroke of liberation. With the remedy that became available in October, Koch triggered a euphoria which matched the spectacular successes of the early eighties.'35
At the same time, it seemed that Koch's remedy, which later on became known as tuberculin, surpassed Pasteur's vaccines in being the first specific therapy for an infectious disease based on bacteriological science.'36 It seemed to promise its inventor extraordinary commercial prospects-Koch himself calculated that the expected revenues would amount to several million Reichsmark annually!'37 It also offered a way out of the dead-end, which seems to have been how Koch experienced his position in the Hygiene Institut, and prospects of an institutional position that equalled Pasteur's. Indeed, within less than a year, Koch found himself the first 130Mendelsohn, op. cit., note 89 above. 131 The notion of a purposeful search is most explicitly held by Eschenhagen, op. 56-7. director of a newly founded institute for infectious diseases in Berlin.'38 Finally, tuberculin was supposed to fulfil the therapeutic promises that Koch had nurtured in himself and others. In 1882 Koch had solved the riddle of tuberculosis, now it was high noon for the disease! Koch himself saw a decisive battle "in fighting the smallest, but most dangerous enemies of mankind".'39
It is, however, not an easy task to reconstruct the therapeutic effect of tuberculin as Koch envisioned it. The explanation for this difficulty is to be found less in the rapid failure of the substance, than in Koch's reluctance to supply information on previous research, components, testing, and the supposed effect of his remedy. His way of revealing any of the secrets of tuberculin came close to deception. In his first publication, he gave a misleading account of his research strategy. On the road to tuberculin, Koch had, as he remarked, "tested for some time a large number of substances to see whether they can influence tubercle bacilli grown in pure cultures" '.140 This relates tuberculin to the trials of 1883 and places them in connection with disinfection. The aim of these experiments had been to find substances in a test tube that were capable of preventing the growth of bacteria in organisms. In August 1890, Koch claimed to have discovered such a substance:
I can tell ... that much, that guinea pigs, which are highly susceptible to the disease, no longer react upon inoculation with tubercle virus when treated with that substance and that in guinea pigs which are sick [with tuberculosis] the pathological process can be brought to a complete standstill.'4'
This was an opaque way of explaining what he had found and it obscured the fact that tuberculin was an extract from cultures of tuberculosis bacteria and thus entirely different from any of the substances Koch had experimented with earlier. Placing tuberculin within the tradition of disinfection was misleading but useful: it employed the successful tradition of Koch's previous work in order to lend the remedy credibility and obscured what seems to have been a far-reaching modification in Koch's investigative strategy some time between 1884 and 1890.142
In the following months, Koch showed considerable hesitation about giving more information on tuberculin and did so only when put under pressure. When tuberculin became available in October, he reported in some detail the reactions to the substance he had observed in animals and humans, but said nothing about the components.'43 Only when, around the turn of the year, the tuberculin euphoria gave way to much more critical assessments, and Koch came under pressure from the public and 13 In more detail: ibid., pp. 57-9 in particular. however, gives some indication that in 1888 Koch It should be noted, however, that, despite the fact had not entirely given up his initial project of that Koch managed to leave the university attacking the bacteria inside the body. position, the institute for infectious diseases was 143 Koch's revelation of the components of tuberculin was only one of a number of reasons for the quick decline in its popularity in early 1891. Rumours spread towards the end of the year that among other profiteers, Koch himself planned to earn a fortune from the remedy.'" When serious doubts were raised about tuberculin's therapeutic effect, he was unable to show the guinea pigs he had "cured" with it! Simultaneously, there were reports of deterioration among patients undergoing treatment and even of fatalities. Tuberculin was finished.'47 The secrecy that had been part of the sensation in the first instance, now rebounded on its originator. Koch had developed tuberculin with the help of two rather minor bacteriologists, Eduard Pfuhl and Arnold Libbertz. Both were, however, notably trustworthy-Pfuhl being Koch's son-in-law and Libbertz a friend from Koch's youth. None of his more prominent colleagues or his other assistants at the Hygiene Institut knew about the composition of tuberculin. Testing in humans had initially been restricted to Koch himself and his 17-year-old mistress!'48 In early 1891, it was shown that fresh tubercles could develop on the boundaries of tissues narcotized by tuberculin and Koch's conception, which had first of all relied on the understanding of this necrosis, was quickly refuted.'49 Whether the necrosis had no effect at all on the propagation of the disease or whether it even speeded up the pathological process remained an open question, Koch's conception was wrong anyway. In late 1891, Paul Baumgarten, codiscoverer ofthe bacterium and a tuberculosis researcher, gave a devastating summary of the animal testing of tuberculin, stating "that large doses cause damage in the case of a developed inoculated tuberculosis, whereas small doses don't help."'50
How did Koch come to think of tuberculin as a cure for tuberculosis? Upon what observations and considerations did he base his claim that he had a remedy against the disease? The answer to these questions is not to be found where one would expect it, i.e. in tuberculin. In the course of 1891, it was revealed that tuberculin was a riddle to everybody including the inventor. Koch had tried in vain to isolate a single substance that produced the effect he observed, and further attempts by himself and others were fruitless.'5' What remained to justify Koch's claims was thus the observed reaction of the organism to tuberculin, which Koch seems to have understood as a healing process. One of the central features of his older ideas about the development of the disease had been the transformation from an early, intensive stage that included the presence of many bacteria into an almost entirely bacteria-free stage of caseation and necrosis that was accompanied by a halting of the pathological process, since the bacteria found no more nourishment in the destroyed tissues. Tuberculin was, in Koch's eyes, intended to produce exactly this effect.
By animal experiments, Koch had reached the conclusion that guinea pigs, previously infected with tuberculosis, reacted in a peculiar way to a renewed inoculation. Where an inoculated tuberculosis was to be expected what followed instead was necrosis of the already tuberculous tissues. This particular observation laid the basis for Koch's understanding of tuberculin. The effect of the remedy on the organism was described as follows: "That much is clear that it is not a destruction of the tubercle-bacilli, which are in the tissues, instead only the tissue, which encloses the tubercle-bacilli, is affected by the impact of the remedy."'152 The necrosis, which Koch in 1884 had interpreted as a stalling of the disease, was produced. Bacteria which lay in the tissues were deprived of their culture medium and the pathological process came to a standstill. This conception, which can best be characterized as a bacteriological variation of a scorched-earth strategy, was based on the intention to be ahead of the bacteria and thereby prevent their propagation in the organism: "In the tissues that have turned necrotic the bacillus encounters unfavourable conditions for feeding, which prevent it from growing any further and eventually lead to its death."'53
As a matter of fact, humans proved to be "much more sensitive"'54 to the remedy than the guinea pigs. Whereas among the latter only the tuberculous ones displayed symptoms, in humans a general reaction to tuberculin including fever, shivering, pain in the limbs, and nausea was almost constantly to be found. Koch and his mistress had indeed been the first to experience this. In patients with acute tuberculosis, this was accompanied by a local reaction in tuberculous tissues. If the dose was lowered to 0.3 cm3 only tuberculous patients displayed symptoms, whereas, according to Koch's report, healthy persons showed only slight reactions or none at all. The local reaction could best be observed in tuberculosis of the epidermis, lupus. After the injection "the parts that show lupus start to turn red and they do so before shivering starts". Upon further development the tissues turn "brown-red and necrotic", the tuberculous parts are "transformed into scales (Borken), which fall off after 2-3 weeks and what remains, in some cases already following the first injection of the remedy, is a smooth red scar." '"55 Besides the supposed therapeutic effect, Koch regarded the peculiar reaction of patients suffering from acute tuberculosis to the remedy as a diagnostic tool. Whereas healthy individuals showed only general symptoms if any at all, tuberculous individuals displayed both a strong general and a local reaction in infected tissues. Robert Koch and the Pressures of Scientific Research in healthy humans, he was satisfied with proving their existence in diseased tissues and even this was achieved only with the help of his "spores".
Bacterial etiology had between 1882 and 1884 sufficed to explain the pathogenesis of tuberculosis and Koch refused to put the issue on the agenda again in 1890. His understanding of the tuberculin reaction itself can thus be best explained by an enormous pressure to bring new observations into line with the developed framework. The striking instance that healthy guinea pigs did not show a general reaction to tuberculin, whereas healthy humans did, was explained by a much higher sensitivity of humans to the substance. Koch estimated this differing sensitivity in the fantastic proportion of 1:1,500!1M Apart from being speculative, this statement was, with regard to the high susceptibility of the animals to the disease, almost bizarre. Furthermore, Koch had observed that his guinea pigs never acquired tuberculosis spontaneously, which humans did. Thus another, more accurate explanation, was right under his nose. However, to explain the tuberculin reaction as delayed hypersensitivity, as Clemens von Pirquet and others did later, was beyond Koch's reach.'65 It would have required a clear distinction between infection and illness. In the 1880s, Koch made no such distinction, it was enough to know that tuberculin had an impact on tuberculous processes "of whatever kind they might be".'66
Pirquet and others later came to regard the reaction as one of the organism's immune system and not of the bacteria, as Koch had done. The symptoms which he himself showed upon testing tuberculin could have puzzled Koch. However, he did not even question whether he himself was tuberculous, and his concept of tuberculin as a diagnostic tool is of a similar type: Koch did not employ the general reaction to point to a bygone primary-infection, instead the intensity and the localized character of the symptoms served to distinguish healthy from sick humans.'67 Consequently, Koch lowered the dose to a level at which the reaction occurred only in those who were-in his eyes-tuberculous.
Further illustrations of the consequences of focusing on the pathogen can be found. Koch considered the disease resulted entirely from the activities of the bacteria and paid little attention to the differing pathologies of the disease in humans and laboratory animals. In his view, it was consistent to explain the absence of the tuberculin effect in guinea pigs by proportionate sensitivities. In fact, his laboratory animals were unlikely ever to have lived long enough to be able to show a general reaction to tuberculin. After all, Koch had chosen them for the rapidity of the pathological process. In Koch's "guinea pig-pathology" of tuberculosis, phenomena 164 Koch, ' that could have pointed to a primary infection, and thus served for a different explanation of the tuberculin reaction in humans, did not occur.'68 Conclusion A summary and some conclusions can be drawn from this investigation of Koch's work on tuberculosis. A combined assessment of the initial research on tuberculosis in the early 1880s and Koch's conception of the tuberculin-cure offers important insights into his thinking on both infectious diseases in general and tuberculosis in particular.
Koch's early work on tuberculosis combined research into etiology with a concept of infectious diseases as bacterial invasion. However, whereas the etiological argument was developed in a systematic and explicit manner, most notably in the 1884 version of his "postulates", no comparable discussion of pathology can be found. Instead, it sufficed for Koch to give a description of the properties and conduct of bacteria which implied rather than explicitly stated a reductionist and ontological conception of infectious diseases.
Koch's research on infectious diseases was linked to a quest for measures of control, which seemed to lie in the near future in the early 1880s. The pressure exerted by such promises to himself, the scientific and wider public, matters of professional competition most notably with French microbiologists, and repeated refusals to put issues on the agenda which were regarded as closed since 1884, resulted in the tuberculin fiasco of 1890/91. Koch's explanation of the tuberculin reaction was strictly in line with his earlier work and the failure of tuberculin uncovers some peculiarities of Koch's understanding of tuberculosis: most notably its unreflected reliance on animal pathology and an understanding of disease as bacterial invasion that included no distinction between invasion, infection, and eruption. Koch's self-deception, which is what his understanding of the tuberculin reaction essentially was, resulted primarily from an unshakeable commitment to his previously developed explanatory framework. This tenacity was certainly amplified by professional competition with the Pastorians, a strongly felt need to improve his own institutional position and, finally, by seductive promises of financial profits.
A short look at the following histories of some of the developments that have been investigated in the preceding pages can further highlight the significance of the tuberculin disaster in a history of medical bacteriology. London, Croom Helm, 1987, and disease. New York, Routledge, 1990. Klaus Amann Koch had based his conception of a cure on a previously acquired understanding of a disease. It seems that with the failure of that cure the whole conception of tuberculosis centred on the pathogen started to slip. This can be shown in minor details, such as when Koch's critics from Pettenkofer's school in Munich managed to produce his tuberculin reaction by the means of extracts of entirely different bacteria.'69 In addition to this, we find, immediately after the tuberculin scandal, a whole set of fundamental critiques of Koch's bacteriology. Some critics, such as Heinrich Lahmann, criticized it as illustrating the hypocrisies of scientific medicine.'70 Others, more surprisingly, accused Koch's bacteriology of mysticism. Bacterial reductionism, which had been regarded as the peak of scientific medicine in the early 1880s, was now censured for its ontological conception of disease, which appeared to be non-scientific.'7' The tuberculin story seems to indicate the beginning of a debate on constitution, disposition and related issues that came to occupy medicine in the 1890s.'72
What is striking is that Koch completely stepped out of these debates and continued (along with quite a number of his contemporaries) to keep his faith in tuberculin as a cure for tuberculosis. Although the tuberculin disaster probably did a lot to discredit the concept of infectious diseases as bacterial invasion, there is no indication that Koch himself realized this erosion of his work. As has been mentioned above, Koch kept on working on the issue and remained faithful to his remedy right into the twentieth century.
Finally something can be said about the constraints of Koch's bacteriology.'73 His knowledge ofbacteria, even though it was certainly vast, was limited by a predominant interest in explaining and, indeed, fighting diseases. To call it "medical science" thus indicates both its contents and its characteristic problem. The most notable example for this is Koch's dilatory treatment of bacterial physiology. Prior to tuberculin, his knowledge was more or less confined to the need to identify, stain, nurture, and kill Christoph Gradmann bacteria. Even though Koch was critical ofclinical medicine and gained his knowledge not at the bedside, but by working "on the parasite itself in pure cultures",'74 he undeniably had a therapeutic drive in his work. With the failure of tuberculin, questions about the components of the substance were soon put forward as ones of bacterial physiology, namely of bacterial proteins.'75 A large number of researchers working on the chemical components thereby followed questions of bacterial physiology. A prominent biologist like Oscar Hertwig put forward his own theory of a physiological explanation of the tuberculin reaction in 1891.176 Work on tuberculosis bacteria demanded increasingly more expertise in chemistry and biology than before 1890. ' 
